The accumulation of Tomato bushy stunt virus (TBSV) defective interfering RNAs (DIs) has been observed in several species of plants, but the involvement of host-specific processes and the functional role of DIs are still poorly understood. In this study, the accumulation of DIs was compared after several passages of TBSV through Nicotiana benthamiana and pepper (Capsicum annuum). As anticipated, passages of wild-type TBSV through N. benthamiana resulted in the accumulation of significant levels of TBSV DIs, which caused symptom attenuation and prevented the plants from lethal necrosis. On the contrary, TBSV infection of pepper plants caused severe local and systemic chlorosis, but continuous virus passages did not result in detectable levels of DIs accumulation. In addition, the inoculation of pepper plants with a mixture of helper virus and DI either from in vitro generated transcripts or from infected N. benthamiana did not yield DI in upper pepper leaves. Our cumulative results suggest that complex host-specific determinants play an important role in TBSV DI generation and their subsequent maintenance and accumulation.
The accumulation of Tomato bushy stunt virus (TBSV) defective interfering RNAs (DIs) has been observed in several species of plants, but the involvement of host-specific processes and the functional role of DIs are still poorly understood. In this study, the accumulation of DIs was compared after several passages of TBSV through Nicotiana benthamiana and pepper (Capsicum annuum). As anticipated, passages of wild-type TBSV through N. benthamiana resulted in the accumulation of significant levels of TBSV DIs, which caused symptom attenuation and prevented the plants from lethal necrosis. On the contrary, TBSV infection of pepper plants caused severe local and systemic chlorosis, but continuous virus passages did not result in detectable levels of DIs accumulation. In addition, the inoculation of pepper plants with a mixture of helper virus and DI either from in vitro generated transcripts or from infected N. benthamiana did not yield DI in upper pepper leaves. Our cumulative results suggest that complex host-specific determinants play an important role in TBSV DI generation and their subsequent maintenance and accumulation.
Tomato bushy stunt virus (TBSV), the type member of the genus Tombusvirus in the family Tombusviridae is a widely distributed soil-borne root pathogen that replicates to high titers in about 100 plant species in 20 different families (Martelli et al. 1988) . TBSV particles encapsidate a single copy of a positivesense single-stranded RNA (ssRNA) genome of approximately 4,800 nucleotides (nt) (Hearne et al. 1990 ). The genomic RNA (gRNA) functions as an mRNA for the translation of the two 5′-proximal genes, encoding a 33-kDa protein (P33) and a readthrough product of 92 kDa (P92) (Fig. 1) ; both are required for replication (Scholthof et al. 1995a) .
The 41-kDa TBSV coat protein (CP) gene is translated from subgenomic RNA1 (sgRNA1) (Hillman et al. 1989) and is required in a host-specific manner for efficient systemic spread (Desvoyes and Scholthof 2002; Scholthof et al. 1993; Turina et al. 2003) . Two nested genes, p22 and p19, located near the 3' terminus of the gRNA, are translated from subgenomic RNA2 (sgRNA2) (Johnston and Rochon 1990) . These genes express proteins of 22 kDa (P22) and 19 kDa (Pl9), respectively (Johnston and Rochon 1996; Rochon and Johnston 1991; Scholthof et al. 1995b) .
P22 is a typical membrane-associated cell-to-cell movement protein (Chu et al. 1999) , while the cytosolic P19 is involved in various biological activities. For example, although P19 is dispensable for infection of the laboratory hosts Nicotiana benthamiana and N. clevelandii, it is essential for efficient systemic infection in spinach (Spinacia oleracea) and pepper (Capsicum annuum) as well as for localized infections on cowpea (Vigna unguiculata) (Scholthof et al. l995b, 1999; Turina et al. 2003) . Moreover, P19 elicits a hypersensitive response (HR) on N. tabacum, and it induces systemic necrosis in N. benthamiana (Scholthof et al. 1995c ). Recently, it was shown that P19 is a strong suppressor of post-transcriptional gene silencing (PTGS) and a moderate suppressor of virus-induced gene silencing (Qiu et al. 2002; Voinnet et al. 1999) .
Defective interfering RNAs (DIs) have been documented in several positive-sense ssRNA virus groups and represent one of several symptom-modulating RNAs identified in association with plant virus RNA infections (Roux et al. 1991; Russo et al. 1994; White and Morris 1999) . Tombusviruses are well known for their ability to produce DIs that are subsequently trans-replicated to high levels by the helper virus (Hillman et al. 1987; Knorr et al. 1991) . Structurally, Tombusvirus DIs are deletion mutants that represent truncated forms of the viral genome that have lost functions essential for independent replication. The accumulation of TBSV DI in protoplasts depends exclusively on the P33 and P92 replicase proteins (Scholthof et al. 1995d ). Molecular studies of various Tombusvirus DIs exhibit their broad diversity in size and sequence but, in essence, they are composed of a portion of the 5′ terminus, an internal region of p92, and various portions of the 3′ terminus of the viral genome (Burgyan et al. 1991; Hillman et al. 1987; Knorr et al. 1991; White and Morris 1994) . The distinct segments of gRNA that make up these DIs are denoted as regions I through IV ( Fig. 1) (White and Morris 1999) . Regions II and III are variable, while regions I and IV are conserved (White and Morris 1994) .
DI do not normally accumulate to readily detectable levels during natural infections (Celix et al. 1997) , despite their rapid accumulation under laboratory conditions in N. benthamiana and N. clevelandii (Knorr et al. 1991) . In Nicotiana hosts that support TBSV infections, a systemic necrosis rapidly develops in plants infected with virus isolates lacking DIs. However, plants infected with TBSV in the presence of DIs develop an attenuated mosaic (Scholthof et al. 1995d) . Tombusvirus DIs reduce the accumulation of helper virus RNA in protoplasts as well as in plants (Chang et al. 1995) , since they somehow interfere with normal replication of the parental virus from which they are derived (Hillman et al. 1987; Jones et al. 1990; Scholthof et al. 1995d ). Modulation of symptoms could be related to DI-mediated reduction of necrogenic P19 accumulation (Scholthof et al. 1995d ). Furthermore, recent studies suggest that PTGS may play an important role in the selective accumulation of DIs and their symptom attenuation (Qiu et al 2002; Szittya et al. 2002) .
To examine the effect of the host on TBSV infection, we routinely use pepper, since this host provides clear contrasts with N. benthamiana regarding TBSV infection. Some of these comparisons appear particularly relevant for the present study, because they raised questions about possible involvement of host-specific determinants in the formation of DIs. For example, infections of pepper with TBSV inflict stunting and severe chlorosis, yet the lethal necrosis typically induced in N. benthamiana does not occur in pepper (Scholthof et al. 1995b ). This would suggest that the activity of DIs to protect against a lethal necrosis would be superfluous in pepper, and thus, their presence would serve no protective function for this host. Furthermore, intermolecular CP mutant recombinants frequently accumulate in N. benthamiana but not in pepper (Desvoyes and Scholthof 2002) . This raised the question whether recombination events responsible for DI generation might also be under host-specific control. Lastly, since P19 is required for spread in pepper and DIs substantially interfere with accumulation of P19 (Scholthof et al. 1995d) , the implication is that maintenance of DIs could have a negative impact on the ability of TBSV to infect pepper.
The objective of the present study was to compare TBSV infections of pepper with those of N. benthamiana with regards to de novo DI generation, accumulation, and maintenance and their effect on symptom development. The results showed that, in contrast to rapid generation and accumulation of DIs in N. benthamiana, continuous TBSV passages through pepper did not result in DI accumulation. Furthermore the inoculation The dashed lines between these regions indicate sequences that are deleted from the TBSV genome during DI formation. The nucleotide positions are based on an infectious cDNA clone of the wild-type genome, pTBSV-100 (Hearne et al. 1990 ) and a typical infectious DI cDNA, B10 (Knorr et al. 1991) . of pepper plants with inoculum mixtures of helper virus and DI did not yield any detectable levels of DI accumulation in upper leaves of pepper. These results support the hypothesis that the host plant plays an important role in the mechanism of DI generation and maintenance.
RESULTS

Inability of TBSV to generate DIs in pepper.
As expected, TBSV passages through N. benthamiana plants reproducibly resulted in formation and accumulation of readily detectable levels of DIs upon the fourth consecutive passage (Fig. 2A) . The passages of TBSV and the resulting accumulation of DIs caused symptom attenuation and prevented the plants from lethal necrosis, as documented in other studies (Hillman et al. 1987; Russo et al. 1994; White and Morris 1999) . In parallel experiments, we analyzed DI accumulation in pepper plants. For this purpose, we first conducted multiple passages of TBSV, which is a routine procedure toward acquiring a DI-containing population. Continuous passages through pepper were performed up to eight times, but this consistently failed to result in detectable levels of TBSV DI accumulation ( Fig. 2A) .
Using full-length TBSV cDNA as a probe, TBSV gRNA, sgRNA1, and sgRNA2 were readily detectable by Northern blot hybridization from total RNA extracted from N. benthamiana plants. However, with the same probe, RNA samples extracted from pepper exhibited predominantly genomic viral RNA (Fig. 2B) . The presence of sgRNA1 and sgRNA2 in these samples was not readily distinguishable. However, when the blots of total RNA from infected pepper plants were probed with cloned cDNA from the 3′-terminal (890 nt) of TBSV RNA (pBW-1) , the sgRNA1 and sgRNA2 were detected. Yet even with this more sensitive system, detectable levels of DIs were still not observed in the analyzed samples (Fig. 3) . These results were concordant with the symptomatology, since the TBSV DI coinfected plants did not reveal any obvious differences in symptoms compared with plants inoculated only with TBSV (data not shown). The results in Figure 2B also confirm that TBSV gRNA accumulates to similar levels in both hosts.
To examine the possibility that potentially low amounts (not detectable by Northern blot hybridization) of TBSV DIs were formed in pepper plants, additional tests were performed. Following each of the sequential passages (passages 1 to 8) the infected pepper leaves were harvested and macerated for inoculation onto DI-indicator N. benthamiana plants. The presence of small amounts of DI in pepper would presumably result in high accumulation of defective molecules in "DI-propagative" N. benthamiana and, hence, prevent plants from a lethal necrosis. However, all inoculated N. benthamiana plants suffered severe lethal necrosis 8 days after inoculation (data not shown). Also, Northern blot analysis of RNA samples extracted prior to lethal necrosis of N. benthamiana plants did not reveal any detectable levels of TBSV DIs (Fig. 3) . Furthermore, grafting of N. benthamiana scions onto eighth passageinfected pepper rootstock (as potential low DI concentration supplier) resulted in lethal necrosis of the scions, indicating the presence of TBSV and the absence of DI in pepper rootstock (data not shown).
To obtain additional supportive evidence that DIs failed to accumulate in pepper after virus passages, a reverse transcriptase-polymerase chain reaction (RT-PCR) analysis was implemented. RNA was extracted from infected plants and used as template for RT-PCR with specific primers (5′ TBSV primer and 3′ TBSV primer [Knorr et al. 1991] ). Implementation of this test on N. benthamiana plants yielded a DI-specific PCR product, while for pepper plants, the corresponding DNA fragment was not amplified (Fig. 4) . The upper PCR-amplified band (approximately 750 bp) is a serendipitous product of amplification from the genomic TBSV RNA since: i) the same molecular weight DNA fragment was amplified in all TBSVinfected plants (N. benthamiana, pepper), ii) no product was amplified for samples extracted from mock-inoculated plants, iii) this DNA fragment hybridized to TBSV-specific probe (data not shown), and iv) the same molecular mass DNA fragment was amplified in N. benthamiana first-passage plants that do not contain DI (Fig. 4) .
Inability of TBSV to maintain and accumulate exogenously added DIs in pepper.
To study the ability of TBSV to maintain exogenously added DIs in pepper, we inoculated plants with a mixture of helper virus and DIs extracted from N. benthamiana. The amount of DIs in inoculated leaves of pepper decreased gradually after the inoculation (Fig. 5) . By 3 days postinoculation (dpi), the amount of genomic TBSV RNA was reproducibly lower in TBSV+DI-inoculated pepper leaves compared with leaves not coinoculated with DIs. However, this difference mostly disappeared by 6 dpi. As a positive control, N. benthamiana plants were inoculated with the same samples, and these plants showed an increase in DI that resulted in a decreased level of viral RNA (Fig. 5) . This DI accumulation was accompanied by the typical symptom attenuation.
To rule out the possibility that the inoculation of pepper with unprotected DI was less efficient compared with infection with virions, an experiment was simultaneously conducted in which plants were inoculated with nonencapsidated, in vitrosynthesized TBSV and TBSV+DI transcripts. This procedure resulted in infection of pepper, as detected by the accumulation of gRNA (Fig. 6 ), but again, no DIs accumulated.
DISCUSSION
Virus-host interactions that lead to disease and mechanisms by which DIs influence such symptoms in infected plants are poorly understood. While Tombusvirus infections cause a lethal necrosis in various hosts, the formation and accumulation of DIs in such infections can lead to attenuated (nonlethal) infections in plants (Russo et al. 1994) . We report here that, in contrast to infection in many other susceptible hosts, TBSV infections in pepper are nonlethal and DI accumulation was not observed at detectable levels in this host. DIs have been identified and analyzed for the pepper isolate of TBSV (TBSV-P) (Szittya et al. 2000) , but the generation of these defective molecules was reported after multiple passages through a different host (N. clevelandii) .
It is well known that DI molecules tend to accumulate significantly only after successive multiple passages at artificially high inoculum concentrations (Knorr et al. 1991) . It is believed that such conditions favor a coinfection of cells with both helper and DIs. In this study, multiple TBSV passages through pepper did not result in generation of DIs, neither in inoculated nor in upper leaves. Furthermore, none of the infected pepper plants exhibited any noticeable differences in symptoms. Our results also revealed that in pepper TBSV is "impaired" in its ability to maintain exogenously introduced DIs. The detectable amount of DIs in inoculated leaves of pep- per 3 dpi (Fig. 5) is most likely due to initial high levels of DIs that were inoculated. A drastically decreased amount of DIs at 6 dpi provides supportive evidence that DIs fail to amplify in pepper as compared with N. benthamiana. Moreover, no visible symptom differences between plants were detected and no obvious interfering effect on genomic TBSV RNA was evident as compared with N. benthamiana plants. Even if DIs were present in pepper plants after consecutive passages but at undetectable levels, still no interfering effect on TBSV gRNA was observed.
It is generally presumed that the mechanism of DI generation in a virus population involves two main events. The first is the formation of the defective viral genome during RNA replication (Perrault 1981; White and Morris 1999) . This results in synthesis of an incomplete complementary strand on one template, followed by reinitiation of synthesis on a second template or a different portion of the same template (White and Morris 1994) . The next event in DI genesis is its accumulation to a high titer. These separate effects of the host on formation and maintenance of DIs will be discussed in more detail in the following sections.
Viral nonstructural proteins may play an important role in the mechanism of DI accumulation. For example, P22 and P19 might affect the rate of DI accumulation (Rezende et al. 1998; Rochon 1991 ). Viable DI molecules should also retain cis-acting elements that are necessary for viral replicase recognition as well as signal sequences necessary for movement (Ray and White 1999; White and Morris 1994) . However, cis-acting elements that regulate trans-accumulation of replicase-deficient RNAs may be distinct from those controlling replication of the genomic RNA . Nevertheless, it has been established that regions II and IV of DIs are essential for replication (Chang et al. 1995) , while region I contributes in a strong quantitative manner (Wu and White 1998) . Although region III is dispensable, it enhances the competitiveness (Ray and White 1999; White and Morris 1994) and interfering ability of DIs (Chang et al. 1995) .
It is possible that in pepper plants the interaction of certain aforementioned viral elements with host-specific determinants required for both DI formation and accumulation of these defective molecules does not occur. Consequently, this may lead to a disrupted ability of TBSV to form and accumulate DI during replication. Alternatively, the lack of DI accumulation may be attributed to the possibility that the process of TBSV replication in pepper occurs under tight cis-preferential regulatory control. This may create conditions that are unfavorable for aberrant events that are necessary for DI generation. The lack of recombination in pepper was also observed for a CP mutant. This mutant yielded recombinants in N. benthamiana, and although similar rearrangements would be favorable for virus spread in pepper, the recombinants were not generated de novo in this host (Desvoyes and Scholthof 2002) . These results suggest that TBSV recombinant events occur in a hostspecific manner.
Examples in which the host influences the composition of DI population have been reported, e.g., passages of a viral inoculum containing DIs through different hosts promote changes in the nature of the dominant population of DIs (Chang et al. 1995) . These observations suggest that maintenance of DI is also under host-specific control, which agrees with our present findings on pepper. The responsible mechanism remains speculative, but it may be related to the effect of DIs on proteins expressed from sgRNAs (Scholthof et al. 1995d) . It is known that the biological activity of P19 depends on its relative abundance , and it is conceivable that DI-mediated interference with P19 accumulation has serious negative effects on virus spread in this host. Furthermore, in pepper, there is no obvious selective advantage associated with maintaining DIs, because no protection from a lethal necrosis is needed. Consequently, the negative effect of DIs on CP and P19 accumulation would, in fact, present a selective disadvantage due to its compromising effect on virus spread. Considering the strict requirements of CP and P19 for movement through pepper (Turina et al. 2003) , it is also possible that movement of DIs through pepper is restricted compared with N. benthamiana host.
Recently, it was shown that Tombusvirus DIs induce PTGS events that target the helper virus, but DI themselves are somehow protected from the PTGS-associated RNA degradation in N. benthamiana (Qiu et al. 2002; Szittya et al. 2002) . PTGSmediated events in pepper could be responsible for an enhanced level of RNA degradation and the reduced levels of sgRNAs (Fig. 2) , which, unlike gRNA, are not encapsidated. Within this context, it is possible that, in pepper, the nonencapsidated DIs are degraded by PTGS and thus prevented from accumulation. Whether through activation of PTGS or other mechanisms, the interfering ability of DIs may be a key regulatory element in certain hosts to control the level of TBSV replication. However, as in most plant-virus interactions, the regulatory mechanisms not only depend on the host but surely also on the virus. For example, in the context of DI biogenesis, it is noteworthy that, in contrast to TBSV, Broad bean wilt virus (a Fabavirus) is able to generate and maintain DIs in certain pepper varieties (Lee et al. 2000) .
In summary, our results suggest that complex host-specific events may play a crucial role both in formation and accumulation of TBSV DIs in infected tissue. Detailed investigations of host determinants will be necessary to better understand the mechanisms responsible for the separate phases in DI accumulation and their precise roles.
MATERIALS AND METHODS
Inoculation and analysis of plants.
In vitro-generated transcripts of TBSV (pTBSV-100) (Hearne et al. 1990 ) and TBSV DI (B10-18) (Knorr et al. 1991 ) were prepared essentially as described by Hearne and associates (1990) . The TBSV and TBSV DI plasmids (1 µg) were linearized at the 3' terminus of the viral sequence by digestion with SmaI. Transcript RNAs were synthesized using T7 RNA polymerase and were used for inoculation of plants as previously described (Scholthof et al. 1993 ). Extracts of transcript-inoculated plants were also used to inoculate plants. For this purpose, plant leaves (100 mg) were homogenized in 1 ml of virus inoculation buffer (0.05 M KH 2 PO 4 , 1% celite).
RNA extraction.
Total RNAs were extracted by grinding 100 mg of leaf material on ice in 1 ml of extraction buffer (100 mM Tris-HCl, pH 8.0, 1 mM ETDA, 0.1 M NaCl, and 1% SDS). Samples were immediately extracted twice with phenol/chloroform (1:1, vol/vol) at room temperature and were precipitated overnight with 6 M lithium chloride solution (1:1, vol/vol) at 4°C. The resulting pellets were washed with 70% ethanol and then resuspended in RNase-free distilled water and were used for Northern blot hybridization and other assays.
Northern blot hybridization.
RNA extracted from plants was separated on 1.2% agarose gel in 1× Tris-borate-EDTA (TBE) (Sambrook et al. 1989) . Equal loading of samples was verified by ethidium bromidestaining of the gels. The RNAs were then blotted onto nylon membrane (Osmonics, Promega, Madison, WI, U.S.A.) and were hybridized with a 32 P-labeled DNA probe corresponding to full-length TBSV RNA, unless otherwise indicated.
RT-PCR.
RT-PCR analyses using RNA from healthy and infected (TBSV, TBSV+DI) plants were performed with 10 µg of total RNA. The oligonucleotides (5′ TBSV containing the T7 promoter and 3′ TBSV [Knorr et al. 1991] ) were added to the reaction mixtures to amplify the TBSV DI sequences. After 30 amplification cycles, the products of PCR reaction were electrophoresed on a 1× TBE agarose gel, were blotted, and were hybridized with a 32 P-labeled DNA probe corresponding to the TBSV RNA sequence.
